Abstract-We studied the effect of light ion and heavy ion irradiations on pnp Si BJTs. A mismatch in DLTS deep peak amplitude for devices with same final gain but irradiated with different ion species was observed. Also, different ions cause different gain degradation when the DLTS spectra are matched. Pre-dosed ion-irradiated samples show that ion induced ionization does not account for the differences in DLTS peak height but isochronal annealing studies suggest that light ions produce more VP defects than heavy ions to compensate for the lack of clusters that heavy ions produce. The creation of defect clusters by heavy ions is evident by the higher content of E4 and V * 2 defects compared to light ions.
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I. INTRODUCTION
D
URING neutron irradiation of semiconductor devices, incident neutrons disrupt the atomic lattice of the material and produce vacancies and interstitials that form clusters of defects and introduce energy levels in the bandgap of semiconductors [1] , [2] . These radiation-induced levels enhance carrier recombination that results in gain degradation for Si Bipolar Junction Transistors (BJTs) [1] , [3] , [4] . At the Ion Beam Laboratory (IBL) at Sandia National Laboratories (SNL) we use ion irradiations to simulate displacement damage in Si BJTs caused by neutron irradiations [5] - [8] . In order to match the neutron response using ion beams we match the delta inverse gain (DIG) degradation of transistors at late time using the Messenger-Spratt equation [9] which considers only neutral base recombination:
where G 0 is the transistor's gain prior irradiation, G f corresponds to the transistor's late-time gain after irradiation, k is the damage factor and is the fluence used during irradiation. Using this ion-to-neutron equivalency we can match both the gain degradation and the type and number of defects caused by the neutrons [6] . A key difference between neutron and ion irradiations is the interaction depth. Neutrons tend to produce uniform damage as a function of depth throughout the device under test as the cross-section for interaction is very low [10] . Ions, however, are continuously interacting with the material and as a result the depth at which ions produce the maximum amount of damage depends on the ion mass, the device over-layers and the incident ion energy; therefore, it is very important to know the material layer density and thicknesses for the device under test. For the Si BJTs tested in this paper, we adjust the incident ion beam energies to target the base-emitter junction based on the layer stack and ion species. We call this type of irradiations end-of-range (EOR) irradiations. We do EOR irradiations because the base-emitter (BE) junction is the most sensitive area of BJTs to gain degradation [11] as shown by the ideality factor (n) in Figure 1 . When n = 1, the recombination process is dominated by the neutral base but when n = 2 recombination is dominated by the depletion region [12] as shown in Figure 1 for the damaged device.
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produce the same DLTS spectrum with a deep peak at approximately 240 K and a shallow divacancy peak at 140 K [13] . On the other hand, non-EOR Si ion and low energy electron irradiations produce point defects at the BC junction that consists of the V 2(=/−) and V 2(−/0) peaks [13] . These two peaks have approximately the same height in low doped n-type material because the phosphorous content is very small that the VP can be negligible [13] . In this paper we present a comparison of defect damage created by light ions and heavy ions: He, Si and Au irradiations as measured by active gain and deep level transient spectroscopy (DLTS) [14] in ∼100 devices which k-factor spread was within 10%. The ion beam energy and fluence were calculated using SRIM [15] to produce two scenarios: (1) matched gain degradation and (2) matched vacancy creation. We then used DLTS measurements and isochronal anneals to determine the type and number of defects produced by the different ion irradiations.
II. EXPERIMENTAL DETAILS
We performed the He, Si and Au irradiations in the IBL at SNL using our 6.5 MV tandem accelerator. The ion beam was focused to cover an area of ∼ 0.5 × 0.5 mm 2 where the center hot spot of the beam covered the entire device under test [5] . We used Microsemi 2N2907 pnp devices for these tests. All the devices were obtained from the same wafer lot to minimize device-to-device variations. Ions range in the BE junction going thru a material stack that consists of a 0.23 μm-thick Si 3 N 4 , 0.28 μm-thick SiO 2 , 21 μ m-thick emitter and 2.96 μm-thick base. The emitter was doped with Boron to 2.5 × 10 17 cm −3 and the base with Phosphorous to 2 × 10 16 cm −3 .
For the active gain measurements the BJTs were in constant emitter current mode, I E ∼ 0.22 mA, and we measured the base, emitter and collector currents using current viewing resistors before, during and after the irradiations to record the late time gain degradation at five minutes as shown in Figure 2 . This allowed us to calculate the damage factor after each irradiation. The DIG is used to account for variation in the initial gain of the devices and is proportional to the number of defects produced in the device. When the ion and its energy are fixed, the k factor becomes constant and the number of defects in equation 1 depends only in the ion fluence. Devices were run at 0.22 mA to keep a constant V BE = 0.58V and prevent k-factor variations due to variations in V BE . DLTS measurements were taken post-irradiation with the basecollector junction shorted and pulsing the base-emitter junction to −1.5 V reverse bias. The settings for the DLTS setup were a 1 ms fill pulse, 10 ms period and correlator settings of 1, 0.5, 0.2 ms. The temperature was scanned from 50 to 300 K at a rate of 10 degrees per minute.
III. RESULTS AND DISCUSSIONS
EOR conditions for all the different beams were predicted by SRIM and confirmed experimentally by performing ion energy scans. We used SRIM to simulate ion irradiations on Si pnp BJT structures and determined the incident ion energy needed to create the maximum number of vacancies at the BE junction. The predicted energy value from SRIM was then used as a starting point to perform an experimental energy scan determining the ion energy for EOR conditions. Figure 3 (a) shows an experimental energy scan and a SRIM simulation of a pnp Si BJT stack irradiated with Si ions. For the SRIM damage factor we calculated the total number of vacancies at the BE junction of a pnp transistor for different incident Si beam energies. The experimental energy scan plots the k-factor versus energy to determine the EOR condition, where the damage peaks with incident energy. We have good agreement between the EOR energy predicted by SRIM and the experimentally determined value. For the Si energy scan we observe a 100 to 150 keV shift between the simulation and experiment. This shift can be accounted for by a small ∼10% variation in any of the device over-layers. The observed offset for He was ∼100 keV and for Au was ∼1.5 MeV with SRIM consistently under predicting the necessary energy. From this technique we find the EOR conditions to be 850 keV for He, 4.25 MeV for Si and 11 MeV for Au. Figure 3 (b) shows a plot of the total number of vacancies predicted by SRIM vs. depth superimposed on an SEM picture of the cross-sectional view of the BE junction of a pnp Si BJT. The maximum number of vacancies peaks at the BE junction of the device; the most sensitive area to gain degradation. Having determined the energy for each ion species, we next explored the effect of fluence and energy on the DLTS defect spectrum.
To explore the fluence dependence in the DLTS spectrum, we irradiated several Si BJTs at different fluence values while keeping the ion energy constant. In a similar manner, to explore the energy dependence on the DLTS spectrum, we irradiated several BJTs with different energies but keeping the fluence constant. Figure 4 shows the DLTS spectrum of Si irradiated devices as a function of fluence (Figure 4a ) and as a function of ion energy (Figure 4b ). The DLTS spectra in Figure 4a and Figure 4b , n-type base of the pnp, shows two main peaks, a high temperature peak at 240 K and a low temperature peak at 140 K. The peak at 240 K is composed of the vacancy phosphorous (VP), the divacancy (V 2(−/0) ) the vacancy V * 2 and two additional unstable defects: E4 and E5 [13] . The 140 K peak corresponds to the shallow divacancy (V 2(=/−) ). Figure 4 a shows the DLTS response as a function of fluence. The inset shows the linearity of the DLTS deep peak amplitude vs DIG. The DLTS amplitude is related to the number of traps in an n + p step junction by:
where N is the trap concentration, (N A − N D ) is the acceptor concentration on the p side of the junction, C is the capacitance change at t = 0 due to a bias pulse and C is the capacitance of the junction under quiescent reversed bias [14] . Figure 4b shows that for small variations of incident energy around the EOR condition we observe no changes in the DLTS peak positions or widths after adjusting for small changes in the device gain due to changes (using the linearity observed in inset to Figure 4a ) in the k-factor with incident ion energy. This indicates no change in the spectra with energy around the EOR conditions. The apparent difference in amplitude observed in the V 2(=/−) peak for samples irradiated with 4.25 MeV and 5 MeV Si of Figure 4b is due to noise scaling when scaling the scans' amplitudes to match DLTS spectra produced by EOR conditions. Experiments using He and Au irradiations display similar behavior in both the fluence and energy response as measured using DLTS. Figure 5 shows the DLTS spectra for three pnp devices that were irradiated with EOR He, Si and Au ions to the same nominal final gains of 2.41 for He, 2.90 for Si and 2.47 for Au. To account for the slight variation in the final gains we scaled the DLTS spectrum of the He (17%) and Au (15%) irradiated devices to match the Si final gain. We observed that the DLTS amplitude of the 240 K peak is 3-4 times larger in the He irradiated device as compared to the Si irradiated device; indicating that more electrically active defects were created with the He ions than with the Si ions for nominally equal gain degradation. This trend is also observed in Si and Au irradiations where the Si peak is larger than the Au peak for the same conditions. This is an unexpected result as we have matched the DIG for all the He, Si and Au irradiations and expect the DIG to be proportional to the number of defects. This indicates that the k factor is different in each of these irradiations. We use SRIM simulations to calculate the expected number of vacancies created by the He, Si, and Au irradiations and then compared the DLTS deep peak ratios to SRIM ratios. We recorded the number of vacancies at the BE junction and then multiplied it by the fluence used during irradiations. Similar to the DLTS results, we found that there should be ∼3 times more vacancies created by He as compared to Si irradiations for matched DIG as shown in table I. Again, this trend is observed when comparing Si to Au irradiations. Both the simulations and experimental work produce similar ratios between the He/Si and Au/Si conditions.
A. Matched Gain Conditions
Isochronal anneals similar to those performed by Li et al. [16] - [18] , were performed on the matched gain samples in steps of 15 K for 30 min per step to explore gain recovery and defect behavior through both Gummel plots taken at 300 K and DLTS temperature scans between each of the annealing steps. Figure 6 shows gain vs annealing temperature for the matched gain samples. All gains started about at nominally the same gain value (2.5 -3), but we observe that the He irradiated sample gain did not recover as fast as the Si and Au irradiated samples.
During the annealing cycles, defects in the Si substrate migrate and react with other atoms in the lattice to form new defects and dissociate existing defects. For example, it has been suggested V 2(=/−) and V 2(−/0) migrate at temperature between 480-560 K to form V 2 O [13] , [19] - [21] and that the VP defect moves as a unit and find a phosphorous atom to form a VP 2 defect above an annealing temperature of ∼350 K [11] , [22] . This means that we can know the number of VP defects indirectly by measuring the number of VP 2 defects. Figure 7 shows the amplitude of the deep peak (a) and the VP 2 peak (b) as a function of annealing temperature for matched gain samples for He, Si and Au. The lightest ion; He, produced the highest number of VP defects while the heaviest ion; Au, the smallest. This suggests that light ion irradiations produce a large amount of VP defects that have little effect on gain degradation and heavy ions produce a few defects of other types that have a big impact on gain degradation.
B. Effect of Ionization on Matched Gain Conditions
Ion induced ionization produced by different ion species has to be taken into account when irradiating Si BJTs because the base oxide is susceptible to trapped charge and interface traps effects that will lead to gain degradation. A second group of devices was pre-dosed to 5 Mrad(Si) using the Gamma Irradiation Facility (GIF) at SNL with 60 Co to saturate the ion induced gain degradation. Then, the devices were irradiated with different ions to further reduce the gain. Any gain degradation produced after the gamma irradiations was due to displacement damage produced by the ions and therefore, the ion induced ionization effect was decoupled from the displacement damage effect. Similar to section A, the fluence for each ion irradiation was adjusted to achieve the same gain degradation in these devices. A plot of the DLTS spectra for the pre-dosed samples irradiated with He, Si and Au ions (Figure 8) reproduces the amplitude differences observed in Figure 5 . SRIM simulation results in table II predict the dose induced by the different ion species when their fluences are adjusted to target the same gain degradation. He induces the largest dose and Au the smallest dose. If we assume that gain degradation is composed of an ionization component and a displacement damage component, then for matched gain conditions He would need to produce less displacement damage than Si and Au irradiations. However, from Figure 8 we see that He produces the highest number of defects which suggests that most of the defects created by He cause small gain degradation and that ionization effects do not account for the differences in DLTS peak heights that we observed in Figure 5 . 
C. Matched Vacancy Conditions of Pre-Dosed Devices
To further explore the relationship between the number of vacancies and the gain degradation, we performed a series of EOR irradiations where we matched the number of vacancies produced (using SRIM) with the He, Si and Au ion irradiation. We did this for (1) virgin devices (not shown) and (2) predosed devices (5-Mrad (Si) gamma-irradiation). The pre-dosed devices did not receive displacement damage following gamma irradiations as measured by DLTS (black curve in Figure 9) ; however, the gain dropped from 150 to ∼13. After gamma irradiations, devices were irradiated with He, Si and Au ion beams to match vacancy conditions as seen in Figure 9 . Here the gains are different: 9.34 for He, 4.42 for Si and 3.01 for Au but the deep peak amplitudes and the V 2(=/−) amplitudes are the same. Similar to the results shown above, Figure 9 shows that defects produced by He and Si irradiations are not as effective as defects produce by Au at lowering the gain of Si BJTs. An interesting observation is that the E4 defect produced by He is smaller compared to the E4 produced by Si or Au beams. This defect has been observed in the literature to be related to clustering [13] suggesting that He produce less defect clusters than Si and Au irradiations.
The matched vacancy samples were annealed and the gain was monitored with Gummel plots and the defects with DLTS. We observed the gain recovered passed 13 ( Figure 10 ) which means that both the displacement damage and the ionization effects are being annealed. Also, if the Si and Au gain curves in Figure 10 are multiplied by the ratio of He/Si (1.96) and He/Au (2.29) such that the initial gains are equal to the initial gain for He irradiation, the same trend of faster gain recovery for Si and Au compared to He is observed as shown in the inset of Figure 10 . Similar to above, the annealing experiments of matched vacancy conditions show that He irradiations produce more VP 2 defects than Si or Au irradiations as seen in Figure 11 . This suggests that Au irradiations are more effective in lowering the gain of Si BJTs than Si and He by the creation of defect clusters.
Since the deep peak is made of four different kinds of defects: VP, V 2(−/0) , E5 and V * 2 , we used the matched vacancy Fig. 9 . DLTS scans from pre-dosed devices that were irradiated with He, Si and Au ion beams. Fluence was adjusted to match the deep peak height with different ion beams. We scaled C to account for small fluence errors; He (0.80) and Si (0.83). conditions and the annealing study to find the amount of defects each ion species produces. From Figure 9 all deep peaks have the same height and all the V 2(=/−) defects have the same height. Since the difference between V 2(−/0) and the V 2(=/−) is the charge state, we assume the amount of V 2(=/−) is equal to the amount of V 2(−/0) . For this study we ignore E5 due to its bi-stability and assume that all VP defects are converted into VP 2 defects [23] ; therefore, we can know the amount of VP in the device. Based on these assumptions we can calculate the amount of V * 2 for each of the ions used in this study and we found that He produces the largest amount of VP, and gold produces the largest amount of V * 2 as shown in table III. This suggests that Au creates more defect clusters since previous work has shown that V * 2 is associated with defect clusters [24] .
IV. CONCLUSIONS
We studied the effect of ion species on gain degradation and DLTS spectra of irradiated Si BJTs. He ions produced a larger DLTS deep peak amplitude compared to Si and Au irradiations. Experiments made on pre-dosed samples and SRIM calculations suggest that this amplitude difference is due to displacement damage effects and not related to dose effects induced by ion charge. Au irradiations produce more defect clusters than Si and He irradiations as evidenced from the large calculated percentage of V * 2 and the creation of E4 defects both which have been attributed to defect clusters in the past. The reason why this is important is because VP defects have been considered responsible for most of the gain degradation in Si BJTs but this work suggests that clustering related defects such as V * 2 and E4 have a higher impact in gain degradation than VP. Our hypothesis is that in heavy ion irradiations mono-vacancies form defect clusters instead of single VP defects and as a consequence clustered related defects have a higher impact in gain degradation.
